R ecently, atmospheric pressure nonequilibrium plasmas (APNEPs) have been widely studied for environmental and biological applications as well as material processing. The attractive property of an APNEP is that it can be exposed easily to various materials such as fibers, 1) fine particles, 2) liquids, [3] [4] [5] [6] and biological objects 7, 8) in addition to the conventional solid materials. DC atmospheric pressure glow discharge (APGD) with generally a short gas gap between metal electrodes is one of the easy methods of generating an APNEP. The fundamental properties of dc APGD in spatially uniform gases have been investigated experimentally [9] [10] [11] [12] [13] and theoretically. 14, 15) When we use a noble gas flow in air, an APNEP is obtained along the noble gas flow because the electrical breakdown voltage in noble gas is much lower than that in air. Yokoyama et al. developed a method to generate dc APGD with a miniature helium flow in air between nozzle and plane electrodes. 16) In this method, the dc APGD is generated along a helium flow, which is injected from the nozzle electrode into air. Figure 1 is an image of typical dc APGD with a miniature helium flow. We can confirm the positive column, Faraday dark space, and negative glow clearly. By using an electrolyte electrode instead of a metal plane electrode, the dc APGD with helium flow is in contact with liquid stably. 5, 6) In the dc APGD with helium flow in air, the spatial distribution of the gas composition is a very important factor to determine the discharge property. In this work, we carried out twodimensional numerical simulation of dc APGD with a miniature helium flow in air. The purpose of this study is to clarify the structure of the dc APGD along the helium flow. Figure 2 shows the model for the calculation of the dc APGD between nozzle and plate electrodes. The inner diameter of the nozzle is 500 m and the gap length between electrodes is 1 mm. Helium gas with a velocity of 10 mÁs À1 is injected from the nozzle electrode into atmospheric pressure nitrogen instead of air to simplify the chemistry model in the discharge. The gas temperature is assumed to be 300 K. Positive dc voltage is applied to the nozzle electrode while the plate electrode is grounded. In the present simulation, the applied dc voltage is fixed to be 500 V. When the discharge instability, e.g. caused by local gas heating, is not negligible, three-dimensional simulation will be necessary. Since we did not experimentally observe the discharge instabilities under similar discharge conditions, we used the axisymmetric twodimensional model. The two-dimensional calculation region is 1 mm in the longitudinal direction and 5 mm in the radial direction in cylindrical coordinates, as shown in Fig. 2 .
The simulation is divided into two parts; gas flow simulation and gas discharge simulation. The gas flow simulation based on continuity equations of mass, momentum, and energy for gaseous species provides the positiondependent helium and nitrogen densities as well as the gas velocity. Assuming the gas velocity of 10 mÁs À1 and the characteristic linear dimension of 1 mm, the Reynolds number at 300 K is 85 in pure helium and 660 in pure nitrogen. Therefore, the gas flow in the present system is considered to be a laminar-flow. In this work, the spatial distributions of helium and nitrogen densities were calculated using a commercial software, CFD2000 developed by Adaptive Research. CFD2000 uses PISO (pressure-implicit split-operator) method for calculation. 17) In the present calculation, the influence from APGD such as gas heating and ion-induced flow was not considered. This assumption will be valid under a low discharge current condition. Figure 3 shows the result of gas flow simulation at steady state, 0.1 s after the helium injection. The total gas number density is 2:45 Â 10 19 cm À3 over the entire calculation region. The high-density region of helium is formed along the central axis between electrodes with a radius of approximately 250 m and also over the plate electrode near the central axis. Because helium atoms are light compared with nitrogen molecules, it is difficult for helium atoms to push the surrounding nitrogen away. Therefore, the gas velocity slowed down from the initial injection velocity. By using such position-dependent helium and nitrogen densities, the gas discharge simulation was carried out using a two-dimensional three-moment fluid model. We considered six species, electron, He þ , He 2 þ , N 2 þ , He(2 1 S), and He(2 3 S). The considered reactions are listed in Table I . The reactions in helium are the same as those in our previous paper. 18 ) Important reactions such as Penning ionization in a helium-nitrogen mixture are taken from ref. 19 . The governing equations are mass conservation and momentum conservation for all species, and electron energy conservation, which are coupled with Poisson's equation. The electron swarm parameters in a helium-nitrogen mixture were prepared as a function of helium mole fraction by Boltzmann equation analysis using Bolsig+. 20) The rate coefficients for electron-neutral collisions were given as a function of electron mean energy. The ion mobilities are taken from ref. 21 . The mobilities of He þ and He 2 þ in helium are used at any helium mole fraction because we could not find those in nitrogen. This assumption does not cause significant error of helium ion transport because the dc APGD is generated in the region with a very high helium mole fraction. The mobility of N 2 þ in a helium-nitrogen mixture was given by Blanc's law. Diffusion coefficients for ions are given by Einstein relation. The secondary electron emission coefficient by ion bombardment is assumed to be 0.1 independent of ion species. The electric potential on the upper side boundary of the calculation region in Fig. 2 is assumed to be the same as the applied dc voltage to the nozzle electrode for the easy treatment of the boundary condition for Poisson's equation, although the real electric field will have a steep profile near the nozzle electrode. However, this assumption does not cause significant error, as described later. The calculation was carried out by finite difference method. Figure 4 shows the calculated spatial distributions of potential, charged species, ionization, and excitation rates at steady state, 3.5 s from the initial condition. The calculated discharge current was 7 mA; therefore, the discharge condition in the present simulation is almost the same as that in Fig. 1 . In spite of the above-mentioned assumption of the boundary condition for Poisson's equation, the APGD is limited in the cylindrical region with a helium mole fraction approximately higher than 99% since nitrogen incorporation into helium drastically reduces the electron energy. The curved side geometry of APGD, which is also observed experimentally in Fig. 1 , is due to the helium mole fraction. This implies that the helium mole fraction is the most important factor to determine the discharge region along the helium flow in air. The spatial helium mole fraction depends on the helium injection velocity. The influence of helium injection velocity on the APGD structure is our next subject. It is confirmed that the calculated APGD in Fig. 4 has the typical structure of dc glow discharges such as negative glow, Faraday dark space, and positive column. The thickness of the cathode sheath is about 50 m, which is similar to the previous simulation result in pure helium.
14)
The ionization process consists of electron impact ionization of He (R1), stepwise ionization of He (R9), electron impact ionization of N 2 (R10), and Penning ionization of N 2 (R11, R12, and R13). The electron impact ionization of He is limited in the cathode fall region because active electrons with energy higher than the ionization potential of 24.587 eV are required [see Figs. 4(f) and 4(g)]. The stepwise ionization of He is affected by the density distribution of helium metastable atoms. From Fig. 4(i) , the production of He(2 3 S), and therefore the stepwise ionization of He, are limited in the cathode fall region and in the positive column with a helium mole fraction higher than 99.9%. Penning ionization of N 2 occurs in the cathode fall region and also along the contour (c) Fig. 3 . Result of gas flow calculation: (a) helium mole fraction, (b) gas velocity component in the longitudinal direction, and (c) gas velocity component in the radial direction. Helium gas is injected from the nozzle with a gas velocity of 10 mÁs À1 into nitrogen. 
line indicating the helium mole fraction of 99.9%, where a modest amount of nitrogen molecules and helium metastable atoms exist, as shown in Fig. 4(i) . The electron impact ionization of N 2 has a similar spatial profile to that of the Penning ionization of N 2 . The dominant ionization process is the electron impact ionization of He and the Penning ionization of N 2 . The electron density along the central axis in the positive column is approximately 2 Â 10 13 cm À3 while that near the side surface of the positive column exceeds 4 Â 10 13 cm À3 . The excess electron density near the side surface of the positive column comes from the Penning ionization of N 2 . He þ is generated mainly in the cathode fall region with a maximum rate of 3:7 Â 10 21 cm À3 s À1 by the electron impact ionization of He and slightly in the positive column with a rate of 3 Â 10 20 cm À3 s À1 by the stepwise ionization of He. Although the ion generation rate in positive column is lower than that in the cathode fall region, ions in the positive column accumulate because of the small loss by the drift motion. Since He þ generated in the positive column is quickly transformed into He 2 þ , the dominant ion in the positive column is He 2 þ . N 2 þ is mainly generated by Penning ionization, therefore, it exists along the side surface of the APGD. The electron impact excitation rate approximately corresponds to the optical emission from the APGD. Ishii et al. measured the radial distributions of He I at 588 nm and the N 2 second positive band at 381 nm in dc APGD with a miniature helium flow. 22) Our simulation results in Figs. 4(i) and 4(j) provide good agreement with their observation.
In summary, we performed axisymmetric two-dimensional numerical simulation of dc APGD with a miniature helium flow in nitrogen based on a fluid model. We found that the generation of dc APGD is limited in the region with a very high helium mole fraction. Therefore, the helium mole fraction is an important parameter to determine the discharge structure along the helium flow.
